Automated vehicles (AVs) are one of the emerging technologies that can perform the driving task themselves. The market penetration of AVs is expected to get growth in the close future. Therefore, it is crucial to have an overall clue on how they play the role in the road transportation sector. Automation might be assumed to have a beneficial impact on many aspects related to road transportation. The current paper attempts to investigate this rough assumption by reviewing the literature on the potential effects of automated vehicles on road transportation. A comprehensive look at the overall potential effects of automated vehicles will show the entire picture, and not just a cropped portion of that, to the researchers, decision makers, and practitioners and helps them to identify the negative and positive effects as well as challenges and uncertainties towards this new technology. In this paper, literature findings on the potential effects of automated vehicles on traffic flow, pedestrians mobility, travel demand and travel pattern, safety and security, and energy consumption and emissions are reviewed and discussed. According to the literature, it is concluded that AVs, as their market penetration increases, promisingly improve the capacity of a road network, eliminates human driver errors, and provide better mobility for groups of people who are currently facing travel-restriction conditions. However, the long-term effects of AVs especially on energy consumption, emission, pedestrian interaction, safety and security has uncertainty due to the complexity of predicting the future mobility pattern.
Introduction
Automated Vehicles (AVs) technologies are growing and it is expected that they will have a significant influence on road transportation. According to the classification by the Society of Association of Engineers (SAE), AVs have six levels of automation. The classification is based on the driving task allocated between the human driver and the vehicle system. The six levels are no automation (level 0), driver assistance (level 1), partial automation (level 2), conditional automation (level 3), high automation (level 4), and full automation (level 5). In the first three levels, the driver executes the main driving task, whereas, for the last three levels, the system executes the main driving task (SAE, 2018) .
Nowadays, AVs have gained tremendous interest among vehicle manufacturers, policymakers, and researchers because of their significant impact on the transportation system. They have a considerable positive impact on future mobility (Gruel and Stanford, 2016) , however, there are some uncertainties associated with this new technology (Wadud et al., 2016) . In general, automation might be assumed to have a beneficial impact on many aspects related to road transportation. The current paper attempts to investigate this rough assumption by reviewing the literature on the potential effects of automated vehicles on road transportation. To do so, literature findings regarding the potential effects of automated vehicles on traffic flow, pedestrians mobility, travel demand and travel pattern, safety and security, and energy consumption and emissions are reviewed and potential effects of introducing AVs into road transportation considering the previously mentioned aspects were highlighted.
The output of this literature review could help the researchers, decision makers and practitioners to: 1) Identify the potential positive and negative effects as well as challenges and uncertainties towards this new technology in road transportation. 2) Determine new directions for future research work on automated vehicles.
The rest of the paper is structured as follows. Section 2 shows the influences of AVs on traffic flow characteristics. Section 3 describes pedestrians-AVs interaction and the influences of AVs on pedestrian mobility. Section 4 describes AVs influences on travel demand and travel pattern. Section 5 describes the safety and security issues of these vehicles. Section 6 shows the potential impacts of these vehicles on energy consumption and emissions. Finally, section 7 is devoted to drawing an overall conclusion.
Potential Effects of AVs on Traffic Flow
The study Wang and Wang (2017) investigated the performance of AVs on a single lane road using VISSIM. They stated that AVs favoured conservative driving mode and obeyed three main rules, which were different from Conventional Vehicles (CVs): "assuring a clear distance ahead", "never speeding" and "keeping away from dilemma zone". Moreover, they investigated the influences on a signalized intersection and pointed out that AVs use a conservative decision during an amber time that results in a lower flow rate than CVs. They showed AVs could perform better than CVs at the middle and end of green time nonetheless no significant difference in total flow rate per cycle time was observed. From the simulation, they found that AVs could improve the capacity of a one-lane road by 1.13%. They also indicated that AVs could increase the performance of a road segment as they get higher speed, less speed deviance, less delay and a better level of service (LOS) compared with CVs. On the other hand, Sun et al. (2018) developed an operational algorithm that maximizes the capacity of a signalized intersection using the potential benefits of AVs in addition to green time optimization. According to the scheme they developed, the full capacity of an intersection can be attained by applying a scheme that allows the vehicle to use all existing lanes simultaneously. As they tested numerically, the scheme can improve the capacity by 99.51%.
The study Tilg et al. (2018) evaluated the influences of AVs on the capacity of the freeway weaving segment. They investigated two aspects of AVs using a multiclass hybrid model. These are the flexibility to control lane change decision and the decrement in reaction time. They showed that both aspects have a significant influence on capacity. Furthermore, they outlined that AVs have a smaller reaction time that diminishes the headways and required gaps in the course of lane changing. The results revealed, for reduced reaction time, a non-linear rise in capacity with an increase in market penetration rate.
Thought-provoking research was conducted by Olia et al. (2018) to investigate AVs influences on the capacity of merging freeway segment. They compared the influences of autonomous 1 AVs and cooperative 2 AVs by executing microscopic simulation at different market penetration rates using PARAMICS. They found that cooperative AVs result in a higher capacity improvement than autonomous AVs, for example, comparing to the CVs scenario, the capacity tripled at 100% cooperative AVs market penetration while less than 10% improvement was attained in the case 100% autonomous AVs market penetration. Besides, they stated cooperative AVs have an advantage of dampening the propagation of shockwave formation. However, in the case of autonomous AVs, in the same way as CVs, a small change in motion of the leader vehicle intensified to the upstream direction. This phenomenon contributes to the insignificant influence of autonomous AVs on capacity. Furthermore, the simulation results from this study discovered that a higher improvement in capacity is possible at higher market penetration rates of cooperative AVs.
Conversely, in some circumstances, there is a possibility that autonomous AVs can have better traffic flow stability and capacity improvements than cooperative AVs at the same market penetration rate as the findings in (Talebpour and Mahmassani, 2016) . Talebpour and Mahmassani (2016) examined the effect of autonomous AVs and cooperative AVs on throughput and stability of traffic flow on a hypothetical freeway-merging segment. They showed both vehicle types substantially improve the string stability of traffic flow and throughput. They stated that AVs could enhance the throughput by more than 100%. However, they pointed out that vehicle automation without connectivity could have higher throughput than vehicle connectivity. Moreover, the study by Atkins (2016) illustrated the influences of cooperative AVs on traffic flow characteristics on varying driving behaviour ranging from most cautions to most assertive. They showed that when more safety and comfort issues are taken into consideration, cautious driving behaviour, AVs might have a negative impact on capacity and traffic performance.
The study by Aria et al. (2016) investigated the impact of the driving behaviour of AVs on network performance using VISSIM microscopic simulation tool. They examined the effect of AVs on network performance measurements including speed, delay, and travel time. The results revealed that network performance could be improved by the implementation of AVs. Furthermore, they mentioned the effects of AVs is more significant on the congested traffic state. At 100% AVs, they found that density and travel time, in congested autobahn segment, reduced by 8.09% and 9.00% respectively. Subsequently, speed enhanced by 8.48%.
A recent study by Ye and Yamamoto (2018) investigated the influence of lane reservation for AVs when the road consists of both automated vehicles and conventional vehicles simultaneously. They indicated that lane reservation for AVs could improve the performance of the network. It was shown that when a lane was dedicated for AVs, a higher speed limit could be assigned for them so that a better performance can be attained. However, the improvement depends on market penetration rate: it is effective at a medium market penetration rate of AVs. Besides, they showed it is effective at medium traffic density.
Potential Effects of AVs on Pedestrians Mobility
Using a Wizard of Oz experiment, Palmeiro et al. (2018) examined the interaction between pedestrians and AVs. The authors stated that pedestrian AVs interaction is complicated because pedestrians do not know which type of vehicle they are interacting. Even in case they know that they are interacting with AVs, they might interact in two different ways. In one hand, pedestrians do not trust AVs and expect that they are not capable to yield so that they accept longer critical gap to cross the roadway than the case of CVs. On the other hand, pedestrians expect AVs yield in every case that results overconfident during interaction and they accept shorter critical gap. They found, from the experiment, critical gap and selfreporting stress level did not show significant differences between AVs and CVs. However, a questionnaire after the experiment showed that most the participants detected a difference in the appearance of the vehicle, and these features had been influenced them.
The paper by Millard-Ball (2018) explored pedestrian and AVs interaction and the influences of AVs on the urban environment using game theoretic principles. He indicated that AVs could be programmed to obey the rules of the road and pedestrian grants indemnity, even at unmarked crosswalks. The investigation revealed pedestrians would more confidently cross the roadway when they interact with AV than CV, trusting it to yield. He also conferred that this would encourage a shift to a pedestrian-oriented urban neighbourhood. Another paper by Meeder et al. (2017) revealed the positive and negative influences of AVs on pedestrian mobility. They noted that the exact evaluation of the influences is not possible. On the one hand, the potential of implementing shared mobility based on AVs can significantly discourage vehicle ownership in the urban area that increases the appeal to walk since less space is required for vehicles. Furthermore, vehicle-to-vehicle communication can reduce travel time that encourages the provision of comfortable footpaths, cycle lanes, and attractive street space that stimulates an active mode of transport (walking and biking). On the other hand, the number of AVs in the urban area would be increased and active transport modes will be discouraged. This will happen due to the operational features of AVs that includes the likelihood to be used by everyone, can park themselves easily, they become as home or as recreational space, and it can be sent out to everywhere. Consequently, walking becomes unimportant any more.
An interesting study by B. proposed a methodology to evaluate the interaction between AVs and pedestrians at un-signalized intersections. They collected 2,973 pedestrian crossing events and conducted simulation tests to demonstrate the practicality of the suggested methodology. They evaluated AVs against CVs for improved performance in terms of time used and crash rate. As an example, they evaluated a one Soft-Yield driver model and the result revealed that it was more effective than that of CV modelled by using the data collected in the city of Ann Arbor, Michigan.
Potential Effects of AVs on Travel Demand and Travel Pattern
The study (Martínez-Díaz and Soriguera, 2018) explored the challenges associated with mobility effect of AVs. They stated that shared mobility has gained an immense interest of the public, especially by young individuals due to factors including rising of parking demand and congestion in urban roads, etc. They outlined that AVs could facilitate shared mobility (e.g. ride sourcing, car sharing) as they already have some technologies required and will be affordable to users due to the economic scale. The authors also indicated that private vehicle ownership could be reduced due to the higher cost of AVs and that encourage their shared use. Besides, electrification of AVs has a substantial positive influence in the decision-making processes. In addition, they pointed out that shared mobility, induced demand from underserved user groups like very old, and efficient utilization of the vehicle will result in a reduction of travel cost so that overall vehicle mile travel (VMT) will increases. Another study (Földes et al., 2018) investigated the expected mobility service based of AVs and stated that AVs have the potential to alter the current transportation system, service, and traveller's habit. Földes et al. (2018) stated that AVs encourage demand-driven mobility that considerably reduce private vehicle use. They also indicated that activities, which are limited or impossible to do, while driving CVs such as surfing on the internet, looking around, working and learning will be easy.
A study in Victoria, Australia (Truong et al., 2017) was conducted to explore the influences of AVs on vehicle trip. They estimated generated trip as a result of AVs' potential benefits. The researchers stated that the benefits of AVs would result in a mode shift from other transportation modes in addition to the generation of entirely new trips related to AVs that result in a decline in the mode share of public transport and active modes. Furthermore, they outlined that AVs provide better mobility to those who are too young to drive, disabled, and older people. The authors found that the daily trip rises by 18.5%, 14.6%, and 11.1% for age groups of 76+, 18-24, and 12-17 respectively. They concluded that implementation of AVs could increase the average daily trip by 4.14%. Harper et al. (2016) presumed a fully AV context and estimated the potential growth of travel in the U.S owing to an increase in travel demand by non-driving, elderly, and people with travel-restrictive medical conditions. The authors explained that individuals who are facing travel restrictions could travel as much as a normal driver within the same gender and age. They concluded, from the result, the collective induced travel demand from a different group of people would result in a 14% growth in light-duty VMT for the US population (19 and older) .
In a recent study, Zhang et al. (2018) developed a model to examine the influences of private AVs on vehicle ownership and unoccupied VMT. They implemented the model by using a travel survey and synthesized trip profile generated in the Atlanta urban area. According to their model, at 100% market penetrations of AVs in the study area, 9.5% reduction of total vehicle ownership without changing in the current travel pattern was expected. In return, a significant number of unoccupied VMT (29.8 per day per reduced vehicles) will be generated.
Potential Effects of AVs on Safety and Security
Numerous studies have endeavoured to evaluate the safety benefits of AVs using different methodologies. Morando et al. (2018) explored the safety influences AVs in signalized intersection and roundabouts under different market penetrations. They used VISSIM for microsimulation and Surrogate Safety Assessment Model (SSAM) to extract traffic conflicts. The results they found revealed that for signalized intersection 20-65% improvement in safety for a market penetration rate of between 50% and 100% AVs was attained. Besides, for the roundabout, 29-64% improvement with a market penetration rate of 100% AVs was attained. Another research conducted recently by Papadoulis et al. (2019) evaluated the safety influence of AVs on freeway segments using a similar methodology used by (Morando et al., 2018) . Papadoulis et al. (2019) reviewed related works of literature and mentioned that AVs could eliminate 90% of the traffic crashes. Besides, they found a result, which revealed AVs could significantly improve safety even at lower market penetration rates. As an example, 12-47% and 90-94% reduction in traffic conflict is possible for market penetration rates of 25% and 100% respectively. However, the idea from Noy et al. (2018) competes against other researchers on the magnitude of safety improvement. Noy et al. (2018) explored the safety benefits of AVs and challenged widespread assumptions. According to their argument, the driver will have a role regardless of the automation level. Besides, they stated that AVs technology could not be free of error. They outlined that mobility becomes assimilated in a pervasive cyber-physical world that results in extra safety and security issues. Finally, Noy et al. (2018) concluded AVs could not significantly improve road safety. Moreover, they suggested the safety implications of AVs should be considered at a larger scale, not at the driver level. Another study (Martínez-Díaz and Soriguera, 2018) appraised the potential of AVs to reduce road death. They stated that a substantial reduction in road death could be attained if AVs have higher market penetration rate and cooperative traffic management strategy is applied. However, they indicated the safety risk might be increased if passengers become overconfidence that leads to giving up using seatbelt and pedestrians irresponsibly cross a roadway.
Recently, Liu et al. (2019) studied the safety of AVs and their acceptability by society. They found two measures of criteria: risk acceptability and risk tolerability and they compared it to the current traffic risks. They found that AVs should be four to five times as safe as current traffic risk to be tolerable by the public. Their findings also showed that to be broadly acceptable, the risk of AVs should be two orders of magnitude less than the present traffic risk.
Another study by Li et al. (2018) investigated the effects of slight cyber-attack on longitudinal safety of AVs. They noted that connectivity features of AVs increase the susceptibility to cyber-attack. The results revealed: an attack on communication position is more dangerous than speed if a single AV is attacked; an attack of a group of AVs even at lower severity is dangerous; an attack on deceleration period is more dangerous than acceleration period.
An interesting study by Schoitsch et al. (2016) explained the coordination of safety and security aspects of AVs. They noted that the vehicle system is expanded to a system of system, which is an open system and vulnerable due to access points from inside and outside of the system. The authors explained that due to connectivity features, the infrastructure alters from a passive system to an active system. Besides, they clarified that the vehicle is dependent on the exchange of data and information flow that gives rise to vulnerability and a system error from a single vehicle disseminates to the system. What is more, they stated safety and security have a significant influence on the acceptability of and certificate of standardization. They suggested that safety and security should be integrated not only at vehicle level but also at the system engineering level. Furthermore, the authors proposed that security issues can be incorporated in ISO 26262 for a combined safety and security standard.
Potential Effects of AVs on Energy Consumption and Emissions
An exciting study by Tate et al. (2018) investigated the energy efficiency and emission benefits of AVs. They stated that AVs have the potential to decarbonize the road transport system. They quantified the potential energy saving brought by automation, including efficient driving, efficient traffic flow, platooning, vehicle rightsizing, powertrain rightsizing, and crash structure reduction. They found that efficient driving and efficient traffic flow eliminates unnecessary stop and encourage smooth acceleration and deceleration. It was explained that efficient traffic flow eliminates traffic signal and congestion in road transport. Furthermore, they indicated AVs be capable of using the advantage of platooning, a cooperative behaviour of vehicles that one follows another intently, that allows a high reduction of drag losses. Thus, high energy saving and vehicle efficiency improvement could be attained. They also indicated that a combination of vehicle rightsizing and powertrain rightsizing allows a substantial reduction of energy usage and improve fuel efficiency benefits.
Another study by Vahidi and Sciarretta (2018) investigated eco-driving literature and overviewed energy-efficient driving opportunities based on first principle analysis. They stated that the capability of AVs to anticipate road geometry and traffic state have a higher impact on energy efficiency. AVs could get the prior knowledge about static road conditions such as gradient, intersection, speed limit, and curvature of the road. Thus, it allows efficient velocity transition that reduces energy consumption. The vehicle-to-vehicle and vehicle-to-infrastructure communications help the vehicles to have more advanced information and act cooperatively so that energy consumption could be reduced (Vahidi and Sciarretta, 2018 ).
An interesting research work by Taiebat et al. (2018) reviewed existing literature and classified the environment influences of AVs into four levels of increasing intricacy: vehicle, transportation system, urban system, and society. Vehicle level is the lowest level and it is related to energy efficient vehicle design. Generally, the mechanism of influencing includes vehicle design, operation, vehicle electrification and platooning. At the transportation system level, the benefits of AV arises from the improvement of traffic performance, optimization of fleet operations, efficient exploitation of vehicles, and shared mobility provisions. At urban system level mechanism, the influencing mechanism is related to infrastructure requirements and land use pattern. At the largest level, societal level, the impact is associated with the influences of AVs on behavioural change, shared consumption, the transformation of other transport intensive sectors, and workforce impact. After comprehensively investigated the impacts of AVs on the aforementioned levels, they anticipated that AVs have a net positive environmental impact on vehicle, transportation system and urban system levels. However, at the society level, it was stated that the net influence is not certain due to the likelihood that vehicle utilization and VMT might increase because of reduction in travel cost and induced travel demand.
Another interesting study (Wadud et al., 2016) reviewed the works of literature and outlined the mechanisms through which AVs affect energy consumption and emissions. The authors found that the net energy and emission impact of AVs is a collective effect of automation on vehicle design, vehicle operation, and travel demand pattern. They noted influences of AVs on energy consumption and emissions could be either negative or positive. The positive influences of AVs are resulted from factors including the potential of automation to reduce congestion, facilitating eco-driving and platooning strategies, improving crash avoidance, reducing vehicle size, facilitating the formation of shared mobility service, and de-emphasizing performance. The negative effect is resulted from increasing of highway speed, increased in vehicle features that increase the weight of the vehicle, increasing travel demand due to driving cost reduction and induced demand from underserved groups (e.g. elderly). They concluded: AVs might reduce energy use and emission, the net effect is uncertain, a substantial reduction could be achieved with connectivity features of AVs without automation, and an increment in travel demand due to AVs benefits might result in a rise of energy use and emissions.
In a recent study, Stern et al. (2019) investigated the effects of AVs on emissions on a single-lane roadway during stop-and-go traffic wave. The authors pointed out that AVs can reduce vehicle emissions even at lower market penetration rates due to smoother traffic flow resulted from their potential to deter traffic waves. What is more, they showed that AVs have a greater impact than the electrification of vehicles to reduce emission. E.g., 5% AVs in the vehicle fleet has the same impact on Nitrogen Oxides (NOx) emission reduction as substituting approximately 75% of the vehicles with an electric vehicle. Another finding by (Y. quantified the influences of AVs on fuel consumption at the U.S national level from 2015 to 2040 and showed that fuel consumption effect of AVs is somewhat wideranging (from -45% to 30%). Besides, they indicated that introduction of AVs on urban roads could potentially result in a higher fuel saving than on freeways because congestion and braking-acceleration features that could be mitigated by the introduction of AVs are common on urban roads. Furthermore, the authors explained that the elimination of safety concern in AVs would result in increasing freeway speed that will upturn fuel consumption. They stated increasing freeway speed beyond 120 km/h increases fuel consumption at a higher rate; however, it declines travel time and travel cost that induces new travel demand.
Conclusions
In the current paper, the available works of literature on Automated Vehicles' (AVs) effect on road transportation has been reviewed and connection between AVs and different road transportation aspects including traffic flow, pedestrian mobility, travel demand and pattern, etc. have been highlighted.
AVs have gained greater attention among vehicle manufacturers, policymakers and researches due to their substantial influences in the road transportation system. AVs have the potential to influence the transport system in a positive way though there are uncertainties that require the efforts of the stakeholders.
On the overall, AVs are expected to increase the infrastructure capacity (e.g. highway and signalized intersections). However, the magnitude of this increment is said to be highly dependent on market penetration of the AVs, road traffic condition, and road configuration (lane reservation for AVs could improve the overall traffic performance (Ye and Yamamoto, 2018)). Furthermore, there are some studies in the literature that claimed this automation could not have a positive effect on capacity and performance of networks unless reaching the high level of automation and connectivity (Atkins, 2016) .
Regarding the potential effects of AVs on energy consumption, in short-term it could reduce the vehicular energy consumption and emissions. However, there are some uncertainties regarding the net effect of automation on energy consumption and emissions in long-run.
The literature stated that AVs have the potential to encourage shared mobility and reducing vehicle ownership. Furthermore, it is expected to increase travel demand (e.g. due to serving the underserved groups of people including elderly people).
Regarding the potential effects of AVs on pedestrian mobility, there are some studies in literature that showed this automation could decrease pedestrian crash rate. However, the overall effect seems to be uncertain.
Although AVs might have potentials to improve safety (e.g. reducing safety risk related to human drivers), there are some uncertainties on these potentials since the users' behaviour is uncertain. Furthermore, literature pointed some cyber-attack concerns that could result in some safety and security issues. However, AVs are expected to decrease traffic conflicts in general. Table 1 shows a short summary of the reviewed literature grouped according to their study objectives regarding the potential effects of AVs on road transportation. Furthermore, data source of each study is further grouped in three groups of real-world data (RED), data from simulation (SIM), and data from previous literature works (LIT). Some of the reviewed studies used a combination of sources. This research work helps to identify the pros and cons of AVs on road transportation as well as the potential challenges as articulated in the works of literature. Furthermore, the outputs of the current literature review can be used to determine new directions for future research work on automated vehicles. SIM: data from simulation, RED: real world data, LIT: literature based study, VMT: vehicle mile travel, *game theory
